We have studied the temperature dependence of resistivity, p, for a two-dimensional electron system in silicon at low electron densities n, 10 cm, near the metal-insulator transition.
The resistivity was empirically found to scale with a single parameter Tp, which approaches zero at some critical electron density n, and increases as a power To oc~n, -n,~with P = 1.6 6 0.1 both in metallic (n, ) n, ) and insulating (n, ( n ) regions. This dependence was found to be sample independent.
We have also studied the diagonal resistivity at Landau-level filling factor v = -,where the system is known to be in a true metallic state at high magnetic field and in an insulating state at low magnetic field. The temperature dependencies of resistivity at B = 0 and at v = -were found to be identical. These behaviors suggest a true metal-insulator transition in the two-dimensional electron system in silicon at B = 0, in contrast with the well-known scaling theory.
I. INTRODUCTION
For a number of years it has been generally believed that at zero magnetic field all the states are localized in the two-dimensional electron system (2DES) in the limit of infinite sample size. Arguments based on scaling theory indicate that as T -+ 0 resistivity always increases, exponentially in the case of "strong" localization or logarithmically in the case of "weak" localization. Early experiments on relatively low-mobility samples ' 
where b = n, -n, for both the insulating and metal- and the gate was close to 2000 A for all samples. The resistance was measured using a four-terminal dc technique with cold amplifiers (input resistances ) 10 0) installed on the 1 K pot of a dilution refrigerator. The output of these amplifiers was connected to a standard digital voltmeter. Great care was taken to ensure that all data were obtained in the region of linear I-V characteristics.
To accomplish this, it was necessary to chose a proper measuring current which varied &om several pA for high resistances to 100 nA for low resistances. This was especially important at low temperatures where p varies by five orders of magnitude within the chosen n, interval. teristics independent of contact configuration. Samples were mounted with a weak thermal link to the mixing chamber (via a stainless steel rod) allowing a change in the temperature from 0.2 to 7.5 K during the experiment.
We controlled the temperature using two calibrated resistance thermometers placed in good thermal contact with the sample. Figure 1 shows the resistivity (in units of h/e ) as a function of electron density. for Si-12b for several temperatures. One A striking feature of the p(T) dependencies for different n, is that they can be made to overlap by scaling them along the T axis. In other words, resistivity can be represented as a function of T/Te with To depending only on n, . This was possible for quite a wide range of electron densities (typically n, , -2.5 x 10 + n, , n, + 2.5 x 10~o cm 2) and in the temperature interval 0.2 -3 K. The results of this scaling are shown in Fig. 4 where p is represented as a function of T/To. One can see that the data dramatically collapse into two sepa- 
Therefore To for the lowest n, (i.e., for the upper curve (~) in Fig. 3 ) was determined by fitting Eq. (3) to the resistance data. Next, the second curve from the top in Fig. 3 was scaled along the T axis with the factor p~) to coin- This procedure was repeated subsequently for all "insulating" curves (n, & n"dp/dT & 0) in Fig. 3 . This gives the upper curve in Fig. 4 Fig. 4(b) by open symbols as a function of electron density. One can see that it approaches zero as n, approaches the critical point n .
Identical behavior for a second sample is shown in Fig. 6 .
To collapse the "metallic" curves (n, )n, ) into a single curve, we applied the same procedure. We started with the curve corresponding to the highest n, (i.e., with the lowest curve in Fig. 3 ) and then scaled the T axis for the other curves by new factors p~), p~), etc. to make them coincide with the first curve. To fix the position of
with the same value of P for metallic and insulating sides.
This common power law can be clearly seen in Fig. 7 where for each sample the open (insulating side) and filled (metallic side) symbols form a single line. Because p(~h~) has the same behavior on both sides of the transition, we suggest that the function To(~8~) is also quantitatively symmetric. In Fig. 10 and in the discussion Fig. 7 ) that, for both the insulating side and the metallic side of the transition, the dependence of p on (h"~=~n, -n, I is a power law: Figure 7 shows To (in log-log format) for both metallic and insulating sides of the transition for three different samples as a function of ib"~. As we mentioned above, the dependency To(ib i) is a power law. We find the average power P to be 1.60+0.1 for the insulating side of the transition and 1.62 + 0.1 for the metallic side. For all three samples shown in the figure, the dependencies To(~b~) are nearly identical in spite of the fact that the values of n and sample mobilities are different. We should mention that a similar power law with an exponent 1.5 + 0.2 was observed for scaling of the superconductor-insulator transition in thin Bi films, ' though we believe the physical mechanism driving the transition is different in the two systems.
Finally, we show the temperature dependencies of the diagonal resistivity p in a magnetic field corresponding to a Landau-level filling factor u = 3/2. To obtain these data, we varied both n, and B so that v remained con. -stant as shown in Fig. 2 . Along this path one expects a true M Itra-nsition. Figure 8 shows p (T) dependencies for v = 3/2 (symbols) along with p(T) dependencies at R = 0 (dashed lines). Surprisingly, the curves are practically identical even though n is different. In particular, curves with high-T resistivities of similar values were found to have identical temperature dependencies indicating that p is also the same. This shows that the M-I transitions at zero magnetic field and at half-integer filling factor are identical when viewed in terms of resistivities.
III. DISCU SSION
Scaling of an appropriate physical variable is one of the hallmarks of a phase transition. In this paper we report the scaling behavior for the resistivity of the high-quality 2DES in Si MOSFET's with the scaling parameter approaching zero as the density of electrons approaches the critical value. This behavior strongly suggests a true metal-insulator transition in the two-dimensional system in silicon at zero magnetic field, in apparent contradiction to the theoretical arguments of Abrahams and coworkers and consistent with those of Azbel. We must note, however, that the temperature behavior of resistivity on the metallic side of the transition with p dropping by an order of magnitude at temperatures below 1 -2 K is not what one would expect for an ordinary metal where resistivity saturates when the frequency of phonons 0 = k~T/h becomes less than w, the inverse elastic scattering time, i.e. , at temperatures T + To = 6/kiter (in the regime of interest, To ) 10 K). We 
